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MATHEMATICAL MODELING OF SPONTANEOUS
HEATING OF A COALBED

By John C. Edwards1

ABSTRACT

To have the capability to predict the development of localized spontaneous heating within a porous
coalbed that is subjected to forced air ventilation or in an otherwise quiescent environment in which
buoyancy develops, the Bureau of Mines developed three time-dependent mathematical models, which
were used to calculate the temperature increase associated with chemisorption of oxygen by the coal.
In each model, spontaneous heating is driven by an Arrhenius first-order reaction between the oxygen
and coal. Two models are two-dimensional, and one is one-dimensional. In the first two-dimensional
model, a constant-velocity forced convection airflow is specified; and in the other, buoyant flow is allowed
to develop in the absence of forced convection. The third model evaluates the airflow from Darcy's law
and a specification of the pressure at the surface of a one-dimensional porous coalbed. Numerical
computations demonstrated how each model could be used to predict the onset of spontaneous heating
when the porous coalbed was subjected to constraints of an imposed internal heat source or a high­
temperature airflow. The effects of particle size and coalbed compaction upon spontaneous heating were
examined with the third model.

'Research physicist, Pittsburgh Reseat'ch Center, Bureau of Mines, Pittsburgh, PA.
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INTRODUCTION

FORCED CONVECTION THERMAL MODEL

A mathematical model of spontaneous heating within a
bed of coal rubble enables the researcher to identify the
significant parameters that influence the heating. In a
spontaneous heating process, the heat liberated from the
irreversible oxidation of crushed coal increases the rate of
reaction between the oxygen and the coal surface. A haz·
ard is posed when the heat production exceeds the heat
dissipation. This self·heating process can ultimately result
in coal combustion. The effect of forced convection in a
one·dimensional model of coal that reacts with oxygen as
a first·order Arrhenius reaction was modeled by
Nordon (1).2 That model was extended by Edwards (2)
to include the detailed modeling of heat transfer within the
coal particles. A two·dimensional model of natural buoy.
ancy generated by an embedded heat source within an
enclosed porous medium was developed by Young,
Williams, and Bryson (3). They showed that a hot spot in
a coal dump might generate sufficient natural convection
within the coal dump to maintain a sufficient oxygen
supply. Brooks and Glasser (4) modeled buoyant flow
through a one·dimensional bed in which an Arrhenius
reaction occurred, and steady·state solutions were
developed that could be utilized to classify the coalbed as
"safe" or "unsafe."

As part of its research program to develop criteria for
predicting and preventing spontaneous combustion in
mines, the Bureau of Mines has developed several mathe·
matical models of the spontaneous heating of coalbeds.

Following upon the research reported in references 1
and 2, a two·dimensional transient mathematical model for
spontaneous heating in coal rubble was developed. In the
model, the coal rubble was stimulated thermally by an
externally powered, embedded heat source. A constant

An experimental program at the Bureau's Pittsburgh
Research Center (PRe) evaluated the development of
spontaneous heating within a porous bed of coal. Air was
supplied at a low rate, approximately 30 L· min"t, to a
15·ton coalbed that had a void volume of 5.05 X 103 L.
The coal particle diameters were less than 6 in (15.2 em).
An embedded heat source, controlled externally, stimu­
lated the development of spontaneous heating within the
coal. The results of the test are to be presented in a
future Bureau report. The model presented in this section
is based upon the design of the experimental test.

The experimental coalbed, which is 6 by 15 ft and
cuboid in shape, is described by rectangular cartesian
coordinates in three dimensions. In the absence of signifi.
cant buoyancy forces, a two-dimensional approximation is
useful. In this latter case, cylindrical coordinates are used.

2Italic numbers in parentheses refer to items in the list of references
preceeding the appendix at the end of this report.

airflow in the porous bed was assumed, and buoyancy was
neglected. This model was applied to temperature mea­
surements made in a porous coalbed.

Efforts reported in references 3 and 4 to account for
buoyancy have been extended by the Bureau to include the
Arrhenius reaction of oxygen with the coal in a partially
enclosed container in which an externally powered heater
is embedded. In this second model, a transient two­
dimensional model for spontaneous heating, buoyancy
generated the airflow through the porous coalbed in a
Boussinesq approximation (5).

In addition to these two·dimensional models, a one­
dimensional transient model for spontaneous heating in a
porous coalbed was developed that determined the
interstitial airflow from Darcy's law. As distinct from the
first two models, an embedded heat source was not
present. Instead, incident air and initial coalbed tempera­
tures were at an elevated value (370 e). The air pressure
boundary condition was evaluated from the average wind
velocity. The model was used to analyze the effect of coal
particle size and bed porosity on the tendency for self·
heating.

Each of the models was developed into a FORTRAN
computer program that can be used to evaluate the ten·
dency for spontaneous heating under a variety of physical
constraints. The bed properties such as permeability and
porosity can be varied, as well as coal particle properties
such as particle diameter and Arrhenius kinetics. The
dimensions of the coalbed and strength of the heater are
additional parameters subject to variation. The effect of
the environment upon the self-heating is controlled
through the boundary conditions.

Figure 1.-Schematic of porous coalbed and embedded heat
source for forced convection model.
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Equations 1 and 2 decouple the effective thermal
conductivity in the absence of flow, Ao<e), from the
contribution due to the flow.

The effective thermal conductivity Ao<e) in the absence
of flow is defined by

Mass diffusion of the oxygen becomes a significant
factor in the control of the reaction process for low gas
velocities as the reaction rate increases at high
temperatures. The effective gas dispersion coefficients in
the radial and axial direction, D/e) and D~<e), are related to
the molecular gas diffusion coefficients Dr and 0 .. and the
parameters 1:, Re, Pr, and Sc. The parameter Sc is the
Schmidt number, which is defined by

Sc :; ~O . (5)

The functional dependence of o/e) and o~<e) was
determined by Bischoff (8) and Edwards and Richardson
(9) for small particles.

o/e)lOr:; 0.731: + 0.1 Re Sc .

o~<e)/O~ :; 0.731: + 0.5 (Re Sc)2/(9.71: + Re Sc) .

It is assumed for this report that the chemisorption of
oxygen by the coal particle surface is associated with a
first-order Arrhenius reaction. This is not necessarily the
case. Stott (10, p. 59) described the oxidation by a 0.5
power of the oxygen in the gas stream. The functional

form of the first-order reaction rate i, the rate of oxygen
consumption, is

(2)

(1)

A schematic of the physical system represented in this
model is shown in figure 1. A heating element of radius
R1 and length d1 is embedded concentrically within a
cylindrical coalbed of radius R2 and length d2• In the
absence of buoyancy, which is a reasonable assumption if
the forced convection is adequate to minimize the
influence of the buoyant forces, the cylindrical symmetry
of the system can be used in the development of the heat
and mass transport equations. The coordinates are
specified by radial coordinate r and axial coordinate z. (In
the next section, "Buoyancy-Driven Thermal Model," a heat
and mass transport model of spontaneous heating that
includes buoyancy is presented.) The general development
of the heat and mass transport equations in this section
follows the presentation of Thorsness and Kang (6).

For the purpose of this simulation, the radius R1 is an
effective radius that is dermed as the radius of an
equivalent cross-sectional area of the two adjacent
cylindrical heating pipes used in the experiment. This
effective cross-sectional area is less than 4% of the cross­
sectional area of the coalbed. The implication is that the
heat and mass transfer in the region between R1 and R2 is
more important than that occurring in front of and behind
the heater element for radius r less than R1• For this
reason the inner axis of the cylindrical coalbed was
selected at R1• This improves the computational efficiency
through the neglect of airflow around a convex boundary
at the edge of the heater element at R1•

Coal of average particle diameter d is packed in the
bed with an interparticle bed porosity (void fraction) 1:. At
elevated temperatures the coal reacts with the oxygen in
the air that flows through the bed. In accord with
references 1-2 and 4, a rust-order Arrhenius reaction rate
is assumed. Transport of heat within the coalbed is
assumed to obey the Fourier law of heat conduction, with
an effective thermal conductivity defined according to
Wakao and Kaguei (7, pp. 175-204). In the radial
direction the effective thermal conductivity, >.}e) is defined
by

and in the axial direction by

A <e) :; A <e) + 0 5 Re Pr A
~ o' g ,

where Re
dup

Reynolds number, T ;

jJC
Pr :; Prandtl number, T

g

d particle diameter;

u :; superficial gas velocity;

p :; gas density;

jJ :; gas dynamic viscosity;

r
I
i
I

r

I
i
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where PI = mass density of the oxygen;

Ps solid particle density;

The interstitial gas velocity components vr and vz are
related to the superficial gas velocity components Vr and
Vz•

and Q heat of reaction of oxygen with coal
300 kJ . mol"l O2 reacted

(= 2.24 kcal' g,l 02) (10).

The factor (1- €) assures that in the absence of coal, no
reaction occurs. The preexponential factor A and activa­
tion energyE were determined from an analysis of the
rate of temperature rise in an adiabatic heating appara­
tus (11). The latter analysis observed that the heating rate
~r' measured in the adiabatic calorimeter test, can be fit

to an Arrhenius heat rate expression:

In the model calculations presented here, vr = 0 and Vz is
constant.

The local gas temperature T and local average coal
particle temperature T, define the energy transport equa­
tion for the gas-solid system. The thermal transport
equation is written in cylindrical coordinates.

(12)

(13)

(14)

v: = vzI € •

Vr = vrl € ;

= >. (e) [ 82r + ~ ~] + >. (e)82r .
r 8;2 r 8r z 8z2 + r Q ,

oxygen mass density ambient conditions,
0.24 X 10'3 g' cm,3;

coal specific heat;

PlO

dT
dt

= Ae,E/RgT (9) where p, = mass density of the coal particle.

Within the porous coalbed the oxygen mass density PI
is determined from the transport equation that includes
the irreversible processes of diffusion and chemical
reaction. The oxygen transport equation is a partial
differential equation in cylindrical spatial coordinates, and
time.

Thermal transfer between the particles and the gas is
governed by a linearized equation that is an application of
Newton's law of cooling (heating).

aT, 3h
P, Cps at = R (T - T,) , (15)

a 1 a a D (e) 1 a
( N) (N) rat PI + r ar rVr PI + az Vz PI = € r ar

where

and

h

R

heat transfer coefficient, .\/R,

average coal particle radius.

and vr and Vz = radial and axial components of the
interstitial gas velocity.

The total gas density is determined from the ideal gas
law, with the assumption that the pressure remains nearly
constant at the ambient pressure, Po.

W Po ( )
P=R T' 11

g

where

D (e) a a
+~ az Paz

r = radial coordinate,

z = axial coordinate,

r
~, (10)

It is assumed that the coal particles equilibrate faster than
changes in the coal particle environment, and therefore,
the coal particles are assumed to be individually at a uni­
form temperature. For an average particle diameter of7.6
cm, the coal particle equilibration time is approximately
2.6 h.

In the absence of the effective thermal conduction term
and the reaction rate term in equation 14, equations 14
and 15 reduce' to the Schumann model (7, p. 245).
Schumann's model assumes the dominant modes of heat
transfer are convection and heat transfer between the air
and the solid particles.

The boundary conditions are based upon a specification
of PH T, and T. at the entrance, and a continuity of these
dependent variables at the exit and along the solid bound­
ary, as well as along the symmetry boundary at r = R I •

Along the heater surface, the thermal flux f, the electrical
power supplied to the heater divided by the heater surface
area, is conducted into adjacent solid material and satisfies
Fourier's law of heat conduction. L

where

and

Rg = gas constant, 8.3143 X 107 erg· K I
• mot!,

W molecular weight of air, 29 g. motl.
(16)
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0.15
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The inlet air temperature is set equal to 15° C, and the
inlet oxygen mass density to 0.24 x 10.3 g. cm·3•

Under the most general conditions, equations 10, 14,
and 15 do not yield an analytic solution. For this reason,
a numerical procedure was adapted to solve these partial
differential equations in a finite difference representation.
The finite difference equations are implicit in time, and a

central difference representation was used for the spatial
derivatives. The resultant coupled nonlinear algebraic
equations are solved iteratively. This was accomplished
with a FORTRAN computer program.

Physical property values are listed in table 1 for. the
solid coal particles and the gas. For the computatIons
considered herein: R I = 13.4 em, Rz = 68.8 em, dl =
104 em, and dz = 240 em. In the model, the heating
source is located 32 em from the entrance to the coal
region. It is assumed that the convective transport of the
air prevents an upstream influence of the localized heating
upon the temperature of the coalbed entrance, and that
the temperature rise is localized about the heating ele­
ment, for the time of reaction considered. The assumption
of localized heating, which was validated in the calcula­
tions, permitted the utilization of values of Rz and dz that
were significantly less than the experimental coalbed
dimensions.

5

Table 1.-Physlcal properties. of coal and gas

Particle thermal conductivity (As) •• cal·cm·l ·s·I '1\1 .. 4.78 X 10""
Molecular gas thermal conductivity I I I

at ambient temperature (Ago) ••• cal' cm' 's' .~ ..
Solid particle density (Ps) g '1m I •.
Molecular gas diffusion coefficient (D) cm .s' ..
Porosity (£) •........................ ~t' . '1' ..
Gas specific heat (C.J.') •••••.•..••.. cal' g.1 . 1\1 ..
Coal specifi.c h?at (l;i,ps) •••••....••• cal' 9 .1' '\1' .
Gas dynamiC viscosny (Jl) ..••..•.••• g' cm •s ..
Coal particle diameter (d) . . . . . . . . • . . . • . .. cm ..

Values used for the activation energy E and preexpo­
nential factor A were determined from adiabatic
calO1:imeter tests for a high-volatile C bituminous coal.3

The reactivity of the coal was defmed by a value of E =
21.5 kcal· mOrl and A =0.123 X 1010 K· S·I. The preexpo­
nential factor A was determined in the adiabatic calorim­
eter test for coal particles with diameters between 75 and
150 J..I.m. This factor is assumed to be inversely propor­
tional to the particle size (4). For the calculations
considered in this section, the preexponential factor
associated with 7.6-cm-diameter particles was utilized.

Figure 2 shows, for a fixed superficial air velocity (axial
component) of 0.03 em' S·I and four distinct power levels

3 Tests done by A. C. Smith, research chemist, Pittsburgh Research
Center.
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Figure 2.-Calculated time·dependent gas temperature at heater element in coalbed for power source of 100,200,300, and 400 W
and superficial air velocity axial component of 0.03 cm·s·l

.
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"Tests done by A. C. Smith, research chemist, Pittsburgh Research
Center.

1,000

KEY
900 Velocity, cm's"1

'-'-0.03
:>:: --0.06

IJ.J 800a::
::>
~a::w

700a.
::i:
w
I-

600

500
10 4 105

TIME, s

Figure 3.-Calculated time-dependent gas temperature at
heater element in coalbed for power source of 300 Wand super­
ficial air speeds of 0.03 and 0.06 cm' S·I.

spont~eous heating experiment at PRC.4 The tempera­
ture rIse at the heater surface was a measured quantity
over a 4O-day period (fig. 4). This measured temperature
was used as a time-dependent boundary condition that
replaced equation 16. An application of equations 10-16,
along with this boundary condition on the approximate
temperature at the heater surface, resulted in the predicted
temperature evolution 15 cm distant from the midlocation
of the heater, shown in figure 4. The predicted tempera­
tureis insubstantial agreement with the measured temper­
ature 15 em below the heater. For this calculation, the
experimental superficial air velocity of 0.015 cm· S·I was
used.

After 40 days, the power to the heater was discon­
nected. The temperature 15 cm below the heater achieved
a ~aximum of 2250 C within a week, and then decreased.
This was not observed in the calculated results.

of 100, 200, 300, and 400 W, the time-dependent predicted
m~m~m gas ~emp~rature at the hea~er surface. A super­
ficIal air velOCity aXIal component tWice the experimental
value of 0.015 cm' S·I was used to accelerate the computa­
tional speed. For the calculations presented in this section
radial airflow was neglected. The model equations a~
employed are two dimensional only with respect to thermal
and mass diffusion. The effect of air speed upon the
heating of the coalbed is shown in a subsequent calcu­
lation. As expected, the rate of temperature rise is
influenced by the strength of the heat source. The
nonmonotonic behavior that occurs in the curve for a
300-W power source at high temperatures is attributed to
the oxygen depletion. (The location of the shown maxi­
mum temperature is shifted in the coalbed through the
competing effects of chemical reaction, forced convection
and oxygen diffusion.) The temperature-time curves ~
figure 2 for 300- and 400-W power sources clearly show
the ris~ in temperature that occurs at an increasingly rapid
rate With respect to time. Excessive localized heating is
not dissipated as rapidly as it is produced, and a condition
known as thermal runaway ensues.

The results in figure 2 are as expected. An increase in
the power from the heat source results in an increase in
the heating rate of the coalbed adjacent to the heater and
an increase in the gas temperature within a shorter period
of time. The calculated nonlinear dependence of tempera­
ture rise upon power source over a period of time shows
the advantage of a numerical model for predicting the
effect of spontaneous heating in a coalbed. At the ele­
vated temperatures shown, buoyancy becomes a significant
factor; it is considered in the next section.
. Figure 3 shows the. effect of convection upon the heat­
mg of the coalbed With a 300-W power source. An in­
crease in the superficial air speed from 0.03 to 0.06 cm . S·I
had no appreciable effect upon the heating for time less
than 0.3 x 106 s.

The spontaneous heating model was used to analyze
temperature meaSUrements in the coalbed utilized in a
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Figure 4.-Measured and predicted temperatures 15 cm from heater for a measured heater surface temperature.

BUOYANCY-DRIVEN THERMAL MODEL

A second thermal model of spontaneous heating was
developed in order to analyze heating within a porous
coalbed in which buoyancy of the heated gas is the prin­
cipal mode of convective heat transfer. Figure 5 shows a
schematic of the coalbed and the region heated by an
externally controlled embedded power source. The
rectangular enclosure is open on the right, through which
the buoyancy force causes an exchange of air with the
ambient environment.

This three-dimensional problem is reduced to a two­
dimensional one in rectangular coordinates with the as­
sumption that heat and mass transfer normal to the walls
is not significant in comparison with that in the longitu­
dinal and transverse directions denoted by x and y in figure
5. The enclosure will impose recirculation patterns on the
airflow.

The transport equations for oxygen density, total gas
density, and temperature in two-dimensional rectangular

E
ell

J
x

Figure 5.-Schematlc of partially enclosed porous coalbed and
embedded heat source for buoyancy-driven thermal model.
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coordinates (x, y), as shown in figure 5, are nonlinear
partial differential equations.

The oxygen species density PI satisfies

The gas flow through the porous coalbed is developed
from the momentum equations in a steady-state approx­
imation for Boussinesq flow in a similar manner to the
presentation in reference 3.

ap Jj
ax = - k Vx , (21)

ap Jj T-Toay = - k Vy + gpo T ' (22)

The longitudinal coordinate is X, and the transverse
coordinate is y. The dispersion coefficients Dx(e) and Dr'e)

are evaluated as counterparts to equations 6 and 7 with a
correspondence between'the coordinates (x, y) and (z, r).

The total gas density P satisfies

D (e) a2 (PI)+_Y P - -
€ ax? P

r

€
(17)

where Jj gas dynamic viscosity,

Po and To ambient gas density and temperature,

g acceleration due to gravity,

and k permeability of coalbed.

a a - a - rat P + ax (pvJ + ay (pvy) = - € ' (18)

where the loss of oxygen is through chemisorption on the
coal particle surface with, in the early stage of spontaneous
heating, negligible addition of gases from the coal
particles.

The gas temperature T satisfies

The ambient temperature was 15° C, and the ambient gas
density was 1.2 X 10'3 g. cm,3.

If the gas flow adjusts rapidly to temperature changes
within the coalbed, then a quasi steady-state approximation
in which the gas flow is calculated at the end of each time
interval is a valid approximation. This approximation
deteriorates as the spontaneous heating proceeds toward
the onset of combustion, which occurs at about 500° C.
Since the emphasis in this report is upon spontaneous
heating, and not combustion, this quasi steady-state
approximation is used. In a quasi steady-state
approximation for the gas flow, the mass flux can be
defmed in terms of a stream function, W.

aw
pVy = ax . (24)

Equations 21-24 are combined to eliminate the
pressure. The resultant equation is

(23)(19)

The thermal conductivities Ax(e) and >...t) are evaluated as
counterparts to Az(e) and A.'e) of equatIOns 1 and 2.

The thermal history of the solid matrix through which
the air flows is governed by equation 15.

The source term S defines the power added to the
system in the heated region. It is assumed power is
uniformly added to the localized region in figure 5 that is
designated "heated zone." The source strength S is defined
in terms of the power Pw (watts) distributed over the
volume V of the heated region consisting of two parallel
heater rods of radius Ro = 7.5 em and length dl = 1 m.

For computational simplicity, it is assumed that the heated
zone is permeable to airflow. A value of Pw equal to
200 W was used for this calculation.

S = Pw/4.184V ,

where V = 21fRo
2 dl •

(20)
For a constant total gas density, equation 25 reduces to a
Poisson equation.

For coal particles in the porous bed with nonuniform
diameters less than 15.2 em, the gas permeability in the
bed will be nonuniform. It is reasonable to expect that
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Figure G.-Schematic of pattern of airflow associated with
buoyancy-driven thermal model within partially enclosed porous
coaibed.
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Figure 7.-Calculated air temperature and normalized oxygen
density across mldhelght of heated zone in buoyancy-driven
thermal model.

compared with 2600 C after 1.47 h in the less permeable
case. This comparison shows that the restriction to airflow
imposed by the lower permeability prevents the adequate
dissipation of heat by convection from a region of localized
heating. The increased permeability, although moderating
the rate of temperature rise, does not prevent spontaneous
heating.

the airflow in the bed will be controlled by regions with a
permeability less than the median permeability of the
coalbed. In the application of equations 21 and 22, an
effective, constant permeability is used. A lower estimate
for the permeability might be a value similar to that for
soil. Soil is reported (12) to have a permeability within a
range of 0.29 to 14 D. For this reason, a permeability of
10 D is used for an initial calculation.

Values used in the previous section for the preexpo­
nential factor and activation energy, as well as the physical
constants in table 1, are used in the calculation presented
here.

Equation 25 is solved numerically for 1IT with a central
finite difference approximation used to replace the first
and second partial derivatives. Values of p and T deter­
mined from the solution to the finite difference represen­
tation of equations 17-19 at a specific time step are used
in the evaluation of 1IT. The new values of 1IT are used to
define the gas flow at the next time step through an
application of equations 23-24.

Since spontaneous heating was the subject of the study,
the porous coalbed was kept from reaching the combustion
temperature by turning off the heat source, S, whenever
the temperature interior to the heated region exceeded
2300 C. This provided an effective method of stimulating
spontaneous heating, yet avoiding a transition to com­
bustion.

Figure 6 shows the pattern of gas flow developed within
the porous bed by the buoyancy forces generated by the
temperature gradient in the gravitational field. The effect
of the buoyancy is to induce recirculation within the po­
rous bed. Air is drawn in at the bottom of the opening on
the right side and expelled through the top of the opening
on the right side.

Figure 7 shows the gas temperature, and oxygen density
normalized by the oxygen density at the inlet, across the
heated zone at the midheight of the heated zone after
1.47 h has elapsed. Because the heat source was suppress­
ed whenever the local temperature exceeded 2300 C, there
was not any significant temperature change after 1.47 h.
As expected, the normalized oxygen concentration achieves
a minimum in the region of maximum temperature. The
elevated temperature provides the driving force for the
airflow patterns shown in figure 6.

The above calculation was repeated with an increase in
the permeability to 3 x 106 D, which is characteristic of
7.6-cm-diameter particles, according to the Blake-Kozeny
equation (13). The increased permeability resulted in
greater air circulation. After 11.5 days had elapsed, the
calculated interstitial air s~eed reached a maximum of
8 em' s·\ compared with 10' em' S·1 for the less permeable
10-D case. As a result of the increased air circulation, the
maximum temperature reached 1110 C after 11.5 days,

WIND-DRIVEN CONVECTION MODEL

A permeable coalbed impacted on one surface by wind
will develop internal air currents as a result of the pressure
differential established across the bed. This could occur

for a coal pile exposed to a wind produced by the
atmosphere or to ventilation in the exposed gob area of a
mine. In this section, a permeable pile of coal is
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The permeability is calculated from the Blake-Kozeny
equation (13) for laminar flow through a porous bed.

represented by a one-dimensional coalbed. The single
dimension is in the direction of the air pressure variation.
Buoyancy is neglected in comparison with the forced
convection. The gas pressure P at a distance x from the
exposed surface of the bed, controlled by heat released
through the chemisorption of oxygen on the coal particle
surface as well as the air pressure at the bed boundaries,
defines the interstitial gas velocity, V; through an
application of Darcy's law.

At the exit to the permeable coalbed of length d2 the
appropriate boundary conditions are

(36)

inlet air temperature,

ambient temperature and pressure.

p(x=O)

Pl(X=O)

and T(x=O)

where T,

and To and Po

P(x=O) =: Po + 1/2 p(x=O)w2 , (32)

(P(x=O)/Po) (To/T,) , (33)

0.2 p(x=O) , (34)

T, , (35)

At the inlet to the permeable coalbed the appropriate
boundary conditions are

(26)

(27)
d2

6
3

k = 150(1-6)2'

_ k 8P
v=---'

6J], 8x

(37)

(38)

(39)

8p- = 0 at x = d28x '

8p, d- = 0 at x = 2
8x '

and
w Po= ~ ---:"'--:;-::-
Rg p(x=d2)

Equations 28-30 are coupled nonlinear partial
differential equations. The method of numerical solution
was to express these equations as algebraic equations with
a backwards-implicit finite difference scheme. The resul­
tant equations were solved with an application of the
Newton-Raphson method at each spatial node throughout
the one-dimensional packed bed over a finite time interval.
The process was applied iteratively along with the
boundary conditions until a converged solution was
achieved. When convergence was achieved, the dependent

variables Pi> p, T, P, and vgenerated at the advanced time
throughout the coalbed replaced their values at the
previous time.

Several parametric studies were made with the model
equations. The kinetics for another high-volatile C
bituminous coal were used.s The preexponential factor
was 0.596 x 108 K· s", and the activation energy was 18.3
kcal· mort. Since the kinetic constants were determined
for coal particles that ranged from 75 to 150 J],m in
diameter, the preexponential factor was determined for
various particle diameters in this section by scaling A with
the ratio 0.01125/d. This ratio is based upon an
approximate average particle diameter of 112.5 J],m as
characteristic of the coal sample that determined A from
the adiabatic calorimeter tests.

Srests done by A. C. Smith, research chemist, Pittsburgh Research
Center.

(28)

(29)

(30)

(31)

r

6

Rg

P = W pT.

~ p + ~ (pV)
8t 8x

The driving gas pressure at the upwind face of the coalbed
is determined from the conservation of mechanical energy.
For a wind velocity wand inlet air density p(x=o), the
excess air pressure at the bed face over ambient is 0.5
p(x=o)w2.

The appropriate transport equation for the oxygen of
density p, within the permeable one-dimensional coalbed
is

and the transport equation for the total gas species of
density p is

Equation 8 defines the reaction rate r.
For a conservative estimate (Le., an underestimate) of

the time required for spontaneous heating to become sig­
nificant, the gas and solid particles are assumed to be in
thermal equilibrium. Therefore, the energy transport
equation is written as

The gas pressure P is determined from p and T by the
ideal gas equation of state.
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In order to reduce the computational time for a
parametric study, an elevated temperature of 37° C was
assigned to the air flowing into the coalbed and to the
initial temperature of the coalbed. The ambient tempera­
ture was 15° C and the ambient pressure was 1.01325 x 106

dyn· cm,2. The general trend that occurs in the develop­
ment of spontaneous heating of a coal pile can be seen in
the calculated bed temperature and oxygen concentration
normalized by the oxygen concentration at the inlet, after
localized heating has developed within the pile. In order
to clarify the effects of the coupled physical processes of
heat and mass transport and coal reactivity, yet maintain
a reasonable computational time, calculations were made
for porous coalbeds composed of 56.25-, 112.5-, and
225-J.'m-diameter coal particles. For a permeable coalbed
10 m in length, composed of coal particles of'56.25-J.'m
diameter and an interparticle porosity of 0.33, and ex­
posed at the surface to an incident wind with a speed of
2.2 m . S·1 and temperature of 37 C, the calculated coalbed
temperature and normalized oxygen density shown in
figure 8 develop after 35 days. Unless otherwise stated, all
calculations in this section are for a 10-m-Iong bed, a bed
porosity of 0.33, and an external wind velocity of 2.2 m . SI.

The calculated bed permeability is 1.69 D. Figure 8 shows
that the gas temperature reaches a relative maximum value
of 81°C at a distance 0.3 m into the bed. The normalized
oxygen density decreases rapidly near the entrance to the
coal pile.

Several observations are in order regarding a para­
metric study made of the influence. of wind speed, bed
porosity, and particle size on the spontaneous heating of
the coalbed. It was established from a comparison of the
calculated temperature internal to the coalbed that a
change in the wind velocity from 2.2 m . S·1 to 4.4 m . S·1 had
no significant effect upon the calculated thermal history of
a coalbed composed of 112.5-J.'m-diameter particles for a
25-day time period. A maximum calculated bed tempera­
ture of 47° C was reached at the end of the 25-day time
period.

Initially, the convective airflow induced by the pressure
differential across the bed dominates. However, as self­
heating, characteristic of the reaction kinetics and model
equations, moves into dominance, the heat release pro­
duces internal pressures that compete against the
externally applied pressure differential, and new interstitial
airflows are established. The interstitial air speed induced
in the coalbed by the wind that impacts upon the coalbed
is of the order 10'5 cm' S·1 for wind speeds of 2.2 m . S,I.

This is in contrast to the interstitial air speed of 10.2cm . SI

induced by the internal pressures generated by the heat
released.

The coalbed porosity defines the degree of coalbed
compaction. An increase in bed compaction is associated
with a decrease in bed porosity. The bed porosity directly
influences the bed permeability, equation 27, and several
terms in the model equations, equations 28-32. The
calculation shown in figure 8 for a coalbed 10 m in length
composed of 56.25-J.'m-diameter particles for a bed poros­
ity of 0.33 was repeated for a bed porosity of 0.165. The
calculated temperature profile that develops with the
coalbed after 35 days is shown in figure 9 along with the
temperature profile from figure 8. The increased bed
compaction results in a smaller temperature rise for the
same time period. Associated with the reduction in the
bed porosity is a reduction in the bed permeability from
1.69 to 0.14 D. This restricts the flow of oxygen to the
zone within the coalbed where heating occurs. The net
effect of bed compaction is to moderate the spontaneous
heating process.

An increase in particle size has two independent effects
upon the heating of a porous coalbed. One effect is to
increase the bed permeability, as represented by equa­
tion 27. The second effect is to decrease the reaction rate
through the inverse dependence of the preexponential
factor upon coal particle size. These effects were eval­
uated through an application of the model equations for
particle diameters of 56.25, 112.5, and 225 J.'m for a fIxed
bed porosity of 0.33.
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Table 2.-Calculated maximum coalbed temperature
and location after 21 days

Table 2 summarizes for these three particle diameters
the calculated maximum coalbed temperature and its
distance from the wind-driven surface of the coalbed after
27 days. An increase in particle size results, after. a fIxed
elapsed time, in a decrease in the maximum bed tempera­
ture and its displacement deeper into the bed. A twofold
increase in the particle diameter results in a fourfold
increase in the bed permeability, as is shown by equation
27. The increased permeability and the resultant increased
interstitial airflow supply oxygen to a greater distance from
the surface.

lDistance from surface of coalbed.

Coal particle
diam (d), /lm

56.25 .•.••••....••.
112.5 •..••.......••
225 .

Max temp,
°C
67
48
42

Location,l
m

0.35
.5
.6

increase in the maximum coalbed temperature over the
same period of time, when compared with larger particle
diameters of 112.5 and 225 Jjm, as is evident from table 2.
This effect is dominant over any effect imposed by
convection for the particle sizes considered.

The effect of particle size upon permeability was
decoupled from its effect upon reactivity through a
comparison of calculated coalbed temperatures for
permeabilities of 1.69 and 6.75 D, while the preexponential
factor associated with 56.25-Jjm-diameter particles was
used in each case. The more permeable coalbed yielded
a higher calculated temperature for the same elapsed time.
If the imposed airflow was suffIciently large, it is expected
that convective transport would remove heat.

These calculations demonstrate for the particle sizes
and coalbed conditions considered that an increase in
particle size has, as a net effect, a decrease in the heat
production associated with spontaneous heating and a
displacement of the region of maximum heating deeper
into the coalbed.

The larger preexponential factor associated with the
smaller 56.25-Jjm-diameter particles resulted in a greater

CONCLUSIONS

Three time-dependent mathematical models of
spontaneous heating were considered. The fIrst model,
with a specifIed convection of air through a two­
dimensional permeable coalbed with an embedded heat
source, showed the characteristics expected from
spontaneous heating associated with variations in the heat
source and the convective velocity. A reasonable match
was made of a predicted temperature to the measured
temperature proftle determined in the experimental
program for spontaneous heating at PRe.

The second model, also a time-dependent two­
dimensional model, was used to simulate the buoyancy­
induced airflow through a partially enclosed porous
coalbed with an embedded heat source. The effect of an
increase in bed permeability was to enhance the airflow,
which, although not preventing the potential for self­
heating, did reduce the rate of temperature rise for the
reaction kinetics considered.

The third model, a time-dependent one-dimensional
model of heat and mass transfer, was of greater utility for

a parametric study than the fIrst two models because of
the computational effIciency associated with a single space
dimension. This model showed that a decrease in coalbed
porosity, associated with bed compaction, moderated the
self-heating, and that an increase in coal particle size
decreased the maximum temperature rise within the coal
while moving the zone of maximum heating deeper into
the coalbed.

Each of these models should be useful for future
analyses of spontaneous heating experiments. These
models further provide a framework for the future
development of spontaneous heating models that can be
adapted for specifIc spontaneous combustion experiments, .
as part of the objective for the prediction and control of
self-heating in coalbeds.

Future research will include a more precise
determination of the reaction rate expression. This
requires a detailed analysis of both the oxygen
consumption and the temperature rise of a coal sample
composed of particles of uniform diameter.
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APPENDIX.-NOMENCLATURE

A preexponential factor, K· S·I

Cp gas specific heat, cal. gol . K I

Cps coal specific heat, cal. g"1 . K I

d coal particle diameter, cm

dl heating element length, m

d2 coalbed length, m

D molecular gas diffusion coefficient, cm2. S"I

Re Reynolds number, 1

Rg gas constant, 8.3143 X 107 erg· 1("1 . mol·1

Ro heater rod radius, cm

RI effective radius of heating element, cm

Rz coalbed radius, m

S power source term, cal· cm·3. S"I

Sc Schmidt number, 1

molecular gas diffusion coefficient in kth
direction, cm2. sol

Dk(e) effective gas dispersion coefficient in kth
direction, cm2. S·I

E activation energy, cal· mo!"1

f heat flux at solid particle surface, cal· cm"2 . S·I

g acceleration due to gravity, 980 cm . S"2

h gas-solid heat transfer coefficient, cal· cm·2. Sl . K I .

k gas permeability, cm2

P gas pressure, dyn· cm·2

Po ambient gas pressure, dyn· cm·2

Pr Prandtl number, 1

Pw heater power, W

Q heat of reaction of oxygen with coal, kcal· motl

r radial coordinate, cm

r reaction rate, g. cm"3 . S·I

R coal particle average radius, cm

tr

T

u

v

v
w

W

x

y

z

time, s

time for thermal runaway, s

gas temperature, K or °C

ambient temperature, K

solid temperature, K

gas velocity, cm' S·I

interstitial gas velocity, cm· S·I

kth component of superficial gas velocity, cm' S·I

kth component of interstitial gas velocity, cm' S"I

volume of heated region, cm3

wind velocity

air molecular weight, g. mol·1

longitudinal coordinate, cm

transverse coordinate, cm

axial coordinate, cm
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a partial derivative, 1 j1, gas dynamic viscosity, g. cm'! . s'!

€ porosity, 1 11" 3.1415927

>.g molecular gas thermal conductivity, P gas density, g' cm-3

cal. cm'! . s·! . K"!

Ps solid particle density, g. cm·3

.Ago molecular gas thermal conductivity at
mass density of oxygen, g. cm·3ambient temperature, cal· cm'! . s'! . K"! p!

.Ak(e) effective thermal conductivity in PIO mass density of oxygen at ambient
kth direction, cal· cm'! . s·! . K"! condition, g. cm·3

.A (e) effective thermal conductivity in absence w stream function, g. cm'! . s·!
0

of flow, cal. cm'! . s,! . K"!

.As particle thermal conductivity, cal· cm'! . s-! ; K"!

15

INf.BU.OF MlNES,PGH.,PA 29071


